The sense of hearing depends on the faithful transmission of sound information from the ear to the brain by spiral ganglion (SG) neurons. However, how SG neurons develop the connections and properties that underlie auditory processing is largely unknown. We catalogued gene expression in mouse SG neurons from embryonic day 12, when SG neurons first extend projections, up until postnatal day 15, after the onset of hearing. For comparison, we also analyzed the closely related vestibular ganglion (VG). Gene ontology analysis confirmed enriched expression of genes associated with gene regulation and neurite outgrowth at early stages, with the SG and VG often expressing different members of the same gene family. At later stages, the neurons transcribe more genes related to mature function, and exhibit a dramatic increase in immune gene expression. Comparisons of the two populations revealed enhanced expression of TGF␤ pathway components in SG neurons and established new markers that consistently distinguish auditory and vestibular neurons. Unexpectedly, we found that Gata3, a transcription factor commonly associated with auditory development, is also expressed in VG neurons at early stages. We therefore defined new cohorts of transcription factors and axon guidance molecules that are uniquely expressed in SG neurons and may drive auditory-specific aspects of their differentiation and wiring. We show that one of these molecules, the receptor guanylyl cyclase Npr2, is required for bifurcation of the SG central axon. Hence, our dataset provides a useful resource for uncovering the molecular basis of specific auditory circuit assembly events.
Introduction
The ability to perceive sound depends on spiral ganglion (SG) neurons, which are the sole conduit for signals passing from the cochlea to the brain. In addition to transmitting frequency information, SG neurons must preserve the fine structure of sound stimuli, code signals with sub-millisecond precision, and transmit signals of varying intensity in a sustained manner. As a result, the auditory circuit has acquired specialized features, such as stereotyped axon bifurcations for parallel processing and large specialized synapses, including end bulbs of Held, for rapid synaptic transmission. Understanding how these features develop is a key question in auditory neuroscience, especially since the success of cochlear implants requires functional SG neurons. Currently, little is known about how auditory circuitry is assembled, in part because the ear is housed in a tiny, bony capsule that makes access and tissue collection difficult. With the advent of new genetic tools, however, interest in the molecular mechanisms of auditory system development is growing. Indeed, the past few years have witnessed significant advances in our understanding of hair cell development and function (Kelly and Chen, 2009; Matthews and Fuchs, 2010; Fritzsch et al., 2011) . In contrast, how SG neurons acquire the ability to transmit sound information remains poorly understood.
Circuit assembly involves a coordinated series of events, from the initial outgrowth and guidance of axons to the final maturation of functional synapses. In mice, SG neurons are born between embryonic day 9 (E9) and E12 and quickly extend peripheral projections toward hair cells in the cochlea and central projections into the eighth nerve (Appler and Goodrich, 2011) . Centrally, all auditory axons project into the brainstem and bifurcate, sending one branch to the anteroventral cochlear nucleus (AVCN) and the other to the posteroventral cochlear nucleus (PVCN) and dorsal cochlear nucleus (DCN). Each branch then finds its proper tonotopic location and arborizes to form synapses, ranging from giant end bulbs of Held that envelop spherical bushy cells in AVCN to small bouton synapses with cells in DCN (Ryugo and Parks, 2003; Rubel et al., 2004) . Synapses acquire their final morphology and become functional over the first two postnatal weeks, and hearing begins at postnatal day 12 (P12).
The incomplete knowledge of the molecular mechanisms that drive circuit assembly in SG neurons has slowed the discovery of new players, left researchers with few tools to detect or describe auditory phenotypes, and hampered efforts to convert stem cells into bona fide SG neurons. To fill this gap in knowledge, we catalogued gene expression in SG neurons as they progress from axon guidance stages to the onset of hearing. Parallel studies of the closely related vestibular ganglion (VG) facilitated identification of genes directing auditory-specific programs of development. This comparison established improved markers for SG and VG neurons, revealed a potential role for immune system genes during late stages, and identified new regulators for early SG specification and wiring, one of which we showed is required for axon bifurcation. These data offer a useful resource for investigating any aspect of auditory circuit assembly and for optimizing stem cell-based methods for the treatment of deafness.
Materials and Methods

Mice
Mice were kindly provided by Qiufu Ma, Harvard Medical School, Boston, MA (Rnx-Cre) (Xu et al., 2008) , Satoru Takahashi, University of Tsukuba, Tsukuba, Japan (MafB-GFP) (Moriguchi et al., 2006) , and Susan Dymecki, Harvard Medical School, Boston, MA (RC::rePe) (unpublished reagent). RC::rePe mice express red fluorescent protein in the absence of Cre and green fluorescent protein after Cre-mediated recombination. Z/EG, R26R, and Npr2 cn mice were obtained from Jackson Laboratories. Rnx-Cre genotyping was performed using Cre-specific primers (CATTTGGGCCAGCTAAACAT and CCCGGCAAAACAGGTAGT-TA), Z/EG genotyping was performed using GFP-specific primers (TACGGCAAGCTGACCCTGAAGTTC and AAGTCGATGCCCTT-CAGCTCGATG), MafB-GFP animals were identified by green fluorescence, RC::rePe animals were identified by red fluorescence, and Npr2 cn genotyping was performed as previously described (Schmidt et al., 2007) . For embryonic collections, noon on the day of the plug was considered E0. For postnatal collections, the day of birth was called P0. In all cases, embryos and pups used were of either sex. Animals were maintained and handled according to protocols approved by the Institutional Animal Care and Use Committee at Harvard Medical School.
Microdissection of ganglia
E12 and E13 Rnx-Cre;Z/EG cochlear-vestibular ganglia were dissected in ice-cold sterile PBS with 2% glucose and 2% BSA (PBS/glucose/ BSA) under an epifluorescence stereomicroscope. The SG and VG were separated from one another using a microblade, taking care to discard the region where the ganglia contact one another to avoid cross-contamination. Ganglia were rinsed in fresh PBS/glucose/BSA and transferred to a microcentrifuge tube with 900 l of PBS with 10% BSA and 100 l of 0.5 M EDTA, with a mouth pipette fitted with a sterile pulled glass Pasteur pipette. Samples were centrifuged for 10 min at 4°C at 800 ϫ g, PBS/glucose/BSA was removed, and samples were quickly frozen in liquid nitrogen, where they were stored until RNA isolation. Inferior VG from E16, P0, P6, and P15 Rnx-Cre;Z/EG animals were dissected in PBS with 0.5% glucose, then collected into PBS/glucose/BSA, briefly centrifuged, decanted, and frozen in liquid nitrogen.
Fluorescence-activated cell sorting of SG neurons
Cochleae from 2-4 litters from CD1 ϫ MafB-GFP Ϫ/ϩ matings were dissected in ice-cold sterile PBS with 0.5% glucose under an epifluorescence stereomicroscope, rinsed in fresh PBS with 0.5% glucose, and transferred into a 1.5 ml tube on ice containing 1 ml of PBS with PBS/ glucose/BSA. Nonfluorescent wild-type littermates (from 3-5 animals) were processed at the same time as controls to facilitate gating for FACS. Samples were centrifuged for 10 min at 4°C at 800 ϫ g. PBS/glucose/BSA was pipetted off and dissociation solution was added. E16 SG samples were dissociated in ϳ10 g/ml each of collagenase type 4, papain (Worthington), and dispase (Invitrogen), and 2800 U/ml DNase (Worthington) in 1 ml of PBS, while P0 -P15 SG samples were dissociated in 0.05% trypsin, 1% chicken serum, 0.37 mM EDTA, ϳ5 g/ml each of collagenase type 4, papain, and dispase, and 2800 U/ml DNase in PBS. Tubes were rotated at 37°C for 45 min, with gentle trituration 5-10 times every 15 min using a filtered P1000 tip. At the end of 45 min, tissue was again triturated 5-10 times. Cells were centrifuged for 10 min at 4°C at 800 ϫ g. Dissociation medium was pipetted off and cells were resuspended gently in 1 ml of ice-cold PBS/glucose/BSA. To generate a single cell suspension, samples were passed through a 40 m cell strainer (BD Biosciences Falcon) into a sterile 5 ml round-bottom tube (BD Biosciences Falcon) on ice. Cells were sorted on a Beckman Coulter MoFlo machine at the Dana Farber Cancer Institute Flow Cytometry Core using a chilled sample chamber and collection chamber with a sheath pressure of 24 psi, through a 100 m nozzle at 500 -1000 events/s. Gating was set by first running nonfluorescent littermate controls on the machine, followed by a small amount of MafB-GFP Ϫ/ϩ sample, and then choosing cells present only in the MafB-GFP Ϫ/ϩ sample. The yield of GFP-positive cells was as follows: E16, 4591-46,036 cells/sample; P0, 10,889 -57,160 cells/sample; P6, 13,069 -125,070 cells/sample; P15, 8653-33,247 cells/sample. Cells were sorted into a chilled microcentrifuge tube with ice-cold 450 l PBS with 10% BSA and 50 l of 0.5 M EDTA. Samples were centrifuged for 15 min at 4°C at 1100 ϫ g. The PBS/BSA was removed, and samples were quick frozen in liquid nitrogen, where they were stored until RNA isolation.
RNA isolation/amplification and microarray hybridization
Microdissected samples were thawed and pooled such that ϳ15-20 E12 or E13 SG or VG, or ϳ10 -12 E16 -P15 VGs were processed for each of three replicates. For FACS samples, between 4591 and 125,070 cells were processed for each of four replicates. RNA was extracted using the Arcturus PicoPure RNA kit (Applied Biosystems), according to the manufacturer's instructions. Samples were stored at Ϫ80°C until needed. RNA was amplified using the Arcturus RiboAmp Plus 1.5 round RNA amplification kit (Applied Biosystems), according to the manufacturer's instructions. Amplified RNA (aRNA) was biotin labeled using the Enzo BioArray High Yield RNA Transcript Labeling Kit (T7), according to the manufacturer's instructions, then fragmented by adding 15 g of aRNA in a volume of 40 -10 l of 5ϫ fragmentation buffer (200 mM Tris acetate, pH 8.1, 150 mM MgOAc, 500 mM KOAc) and incubating at 95°C for 35 min. Fragmented, labeled probes were hybridized to Affymetrix Mouse 430 2.0 GeneChips using standard protocols at the Dana Farber Cancer Institute Microarray Core.
Microarray data normalization
We used the July 13, 2009 build of dChip and the July 1, 2009 Affymetrix gene information for MOE430v2 for normalization and modeling. Normalization parameters were invariant set and running median smoothing, and the baseline array was P0 SG1 (313, 46.6%). The expression signal was obtained using the model-based expression method and mismatch probe (PM/ MM) difference as background. Note that two chips (E16 SG 4 and P15 SG 2) had significantly lower intensity than the rest. Affymetrix data files for all samples can be found at accession no. GSE29766, NCBI GEO (Gene Expression Omnibus) (http://www.ncbi.nlm.nih.gov/geo/).
Hierarchical clustering analysis
A total of 45,102 probe sets were reduced to 28,345 by eliminating those with a preponderance of Affymetrix "Absent" calls not related to the experimental design, i.e., by excluding those for which the following conditions were met: (1) the probe set was called "Absent" for 30 or more of the 40 arrays; and (2) the nominal p value from Fisher's exact test comparing the probability of an "Absent" call across 12 tissue/time points was Ͼ0.2.
Following the method of Mitiku and Baker (2007) , we sought clusters of probe sets based on standardized mRNA expression across the 40 samples. Although metric (nonparametric) hierarchical clustering is a well characterized method, it does not scale to tens of thousands of cases; consequently, we used a Gaussian variant of the recursively partitioned mixture model (RPMM), a hierarchical mixture-model algorithm described by Houseman et al. (2008) and implemented in the R library RPMM (http://cran.r-project.org/web/packages/RPMM/index.html). A total of 28,345 probe sets were clustered via RPMM according to 11 orthogonal contrasts of 40 mean-centered (but not SD-scaled), logtransformed normalized expression values, as described below. Thus, the probes were hierarchically clustered based on their pattern of absolute variation, with respect to cell type and developmental age, around a common expression level (i.e., the geometric mean). The resulting hierarchy of classes was pruned to 5 binary levels, resulting in 2 5 ϭ 32 clusters of probe sets. After obtaining cluster labels for each probe set, geometric means were obtained for each cluster and each tissue/time point combination. Note that we compared the consistency of RPMM clustering to that of metric clustering (using Euclidean distance with Ward's linkage) by pairwise analysis of 50 resampling experiments. We sampled 1000 probe sets at a time for each experiment, and on a pairwise basis between sampling runs, used the adjusted Rand Index (Rand, 1971) to compare the consistency of the clustering of probe sets that were sampled in both runs. Mean adjusted Rand Index for RPMM was 0.419 (SD ϭ 0.0094), while for metric hierarchical clustering, it was 0.273 (SD ϭ 0.0063). Thus, RPMM also appeared to provide more consistent clustering than the more common nonparametric approach.
Details on orthogonal contrast
To capture relevant time-trajectory profiles in the clustering algorithm, orthogonalized contrasts were used instead of raw log-expression values. This follows a similar strategy used previously (Houseman et al., 2006) for incorporating linear relationships among genetic probes in a clustering algorithm, and is motivated by the wavelet decompositions used, for example, by Morris et al. (2003) . First, normalized expression values were log transformed and centered around the geometric mean:
where E ig is the normalized expression value for array i and probe set g. The first contrast was defined as:
where the ␣ constants are chosen to produce unit norm, i.e.: 
Thus, the first contrast captures differences in overall expression between SG and VG. Similarly, four other contrasts representing tissue-specific "late" (P6 and P15) versus "mid" (E16 and P0) contrasts and "mid" versus "early" (E12 and E13) contrasts were constructed as follows:
with ␣ constants chosen to produce unit norm. Finally, six additional contrasts representing tissue-specific age contrasts with early, middle, and late (i.e., P6 vs P15, P0 vs E16, and E.12 vs E13) were constructed. These 11 contrasts were used as inputs to the RPMM algorithm.
Gene ontology analysis
Due to the large number of genes in the dataset, 10% of the 28,345 genes on the "Present" list were selected at random for gene ontology annotation. 2 tests were performed using SAS to test whether genes in "early" clusters fell into different categories from those in "late" clusters. For this analysis, "early" clusters were defined as those in which gene expression was present at E12 or E13 and then decreased in either or both populations at later stages. "Late" clusters were defined as those in which gene expression was low at E12 and E13 and then was upregulated between E16 and P15. These included genes upregulated late in the SG or VG alone, or in both populations.
2 tests were also performed to test SG ("both early ϩ SG late" and "SG late") versus VG ("both early ϩ VG late" and "VG late") clusters.
Pairwise comparisons
Generation of differentially expressed gene list. We used dChip to generate a filtered gene list (ϳ33,000 probe sets) with a 5% Affymetrix P call (gene must be deemed "present" in at least 2 of the 40 chips), and then imported these values into MeV (http://www.tm4.org/mev/). We used the SAM (Statistical Analysis of Microarrays) application to perform pairwise comparisons for all 66 possible unique comparisons from the 12 data points. We then chose the top ϳ200 genes using a secondary Ͼ1.5-fold difference cutoff (i.e., the top 200 most differentially expressed genes in each pairwise comparison were chosen, but any genes that did not meet the 1.5-fold difference criteria were excluded). Of the 66 unique pairwise comparisons, 57 had a median false discovery rate (FDR) of 0.000%, 5 had a FDR between 0.001-1%, and 4 had a FDR Ͼ1%. We combined the probe identifications (IDs) from all 66 pairwise comparisons into one file, removed duplicated probe IDs, and reduced genes with multiple probe ID hits to one representative probe ID hit. We then excluded genes for which the Affymetrix P call was not "present" for at least two samples from the same tissue/age, as well as genes for which the Affymetrix P call was not "present" in at least two samples from the same tissue/age with the highest normalized expression. This resulted in a list of 3070 genes.
Categorization of genes. We categorized genes according to age (early, mid, or late) and tissue specificity (SG, VG, or both) of expression as follows. We identified the peak expression values for a given gene for both the VG and SG. If these values were Ͻ1.5-fold different, the gene was classified as "both"; if Ͼ1.5-fold different, the gene was classified as VG or SG, depending on which had higher expression. If the peak expression value was at E12, it was defined as "early"; if it was at P15, it was defined as "late"; if it was E13-P6, it was defined as "mid."
Identification of axon branching candidates
Normalized dChip files were imported into MeV. Setting the median false discovery rate to 0.000%, we used SAM to do the following pairwise comparisons: E12 SG vs E16 SG, E12 VG, and E13 VG; E13 SG vs E16 SG, E12 VG, and E13 VG; E12 SG and E13 SG vs E16 SG, E12 VG, and E13 VG. We also performed a similar analysis using Rosetta Resolver and kept the genes that resulted from both analyses and were enriched an average of Ͼ2-fold. Genes encoding transmembrane proteins were identified by entering each sequence into the SMART domain architecture analysis tool (http://smart. embl-heidelberg.de/). After eliminating duplicates, the list of candidate genes was reduced to 72 genes.
In situ hybridization and RT-PCR
Section in situ hybridization was performed as previously described (Abraira et al., 2008) . For whole-mount in situ hybridization, P6 cochleae were dissected in ice-cold sterile PBS, removing the bony capsule of the ear, and fixed in 4% PFA in PBS overnight at 4°C, then processed for whole-mount in situ hybridization. P15 animals were perfused with 4% PFA in PBS, and the cochleae were dissected out with the bony capsule still intact, and fixed in 4% PFA in PBS overnight at 4°C. The bone surrounding the cochlea and in the modiolus was dissected away, and the tissue was processed for whole-mount in situ hybridization. For RT-PCR, P6 and P15 SGs were isolated from MafB-GFP Ϫ/ϩ animals, and P0 and P15 VGs were collected from Rnx-Cre; Z/EG animals as described for the microarray analysis. RNA was extracted by TRIzol, and cDNA was synthesized using SuperScript III (Invitrogen). Tafa2 primers (GATGGAGCT-GTTCCTCTGGA and TGTTGTGAGCCAA-GCGTTAG) were used to amplify a 294 bp band using the following cycling conditions: 36 cycles of 95°C for 15 s, 56°C for 30 s, and 68°C for 45 s. Gapdh primers (CTCATGACCACAGTCCATGC and GCACGTCAGATCCACGAC) were used in parallel as a positive control.
Visualization of axonal projections
To determine the timing of SG axon branching, E11.5, E12, and E14 Gata3 tauLacZ/ϩ embryos were fixed and stained with X-gal as previously described (Abraira et al., 2008) . The hindbrain region connected to the cochlea was isolated by dissection and was flat-mounted on a glass slide to visualize projections. In addition, the extent of VG axon branching at E12 was determined by DiI injection into the VG of fixed CD1 embryos, followed by flat mounting and visualization by fluorescence microscopy. For visualization of sparsely labeled SG projections, E12.5 Neurog1-CreER T2/ϩ ;RC::rePe or Npr2 cn/cn ;Neurog1-CreER T2/ϩ ;RC::rePe embryos were fixed for 4 h in 4% PFA in PBS, embedded in 5% agarose, and cut into 250-m-thick sagittal sections using a vibratome, followed by immunostaining for GFP (see below, Immunofluorescence). Tissue was mounted onto slides, and axons were visualized by confocal microscopy (Zeiss LSM 510 META). Z-stacks were projected into a single image using LSM Image Browser software (Zeiss).
Immunofluorescence
For Gata3 and GFP double immunofluorescence, sections through an E11 ear were digested for 5 min in 0.01% trypsin (Invitrogen) in 0.1 M Figure 1 . Generation of a gene expression catalog for inner ear neurons during circuit assembly. A, The progression of auditory circuit assembly peripherally (bottom) and centrally (top) from early (E12) to late (P15) time points. At early stages, SG neurons send projections towardthecochleaandhindbrain(axonguidance).ThecentralprojectionbifurcatestosendbranchestotheDCNandVCN(axonbranching). Both peripheral and central projections subsequently find synaptic targets (axon targeting) and form synapses (synapse formation) that mature (synapse maturation/pruning) and become functional (synaptic function/plasticity). IHC, Inner hair cells; OHC, outer hair cells. B-B؆,GeneticlabelingoftheVGusingRnx-Cre.Rnx-CredrivesR26RreporterexpressionintheVG(arrowinB)butnottheSG(arrowinB), as shown by X-gal staining (blue) at P0 (sections are counterstained with Nuclear Fast Red). Note the peripheral processes extending from the VG toward the utricle (u) (arrowhead in B). lc, Lateral crista; c, cochlea. A microdissected cochlear-vestibular ganglion from an E12
Rnx-Cre;Z/EGembryoshowsGFPexpressionintheVGbutnottheSG(B؆).C-C؆,GeneticlabelingoftheSGusingMafb-GFPmice.Sectionby insituhybridizationforMafbatE13(C)showsstrongSGstaininginthebaseofthecochlea(b),weakerstaininginthemid-turn(m),andvery faintsignalintheapex(a).ExaminationofGFPexpressioninwhole-mountMafb-GFPcochleaatE16confirmsexpressioninSGneurons(C).
This expression persists and can be used to isolate SG neurons, as illustrated by immunostaining dissociated P6 Mafb-GFP SG neurons after FACS (C؆). The GFP-positive cells (green) also express the neuronal marker Neurofilament (red). DAPI-stained nuclei are in blue. D, A summary of the methods used to isolate SG and VG neurons for Affymetrix Gene Chip analysis at the six chosen stages.
CaCl 2 , pH 7.4, blocked for 30 min in blocking solution (1% BSA, 0.1% Triton X-100, 0.02% SDS, 50 g/ml DNase I in PBS), and incubated in 1:500 mouse anti-GFP (Invitrogen) and 1:500 goat anti-Gata3 (R&D Systems) antibody in blocking solution overnight at 4°C. Secondary antibodies (Alexa Fluor 488-conjugated donkey anti-mouse and Alexa Fluor 647-conjugated donkey anti-goat) were used at 1:1000 in blocking solution.
For GFP immunofluorescence on vibratome sections, tissue was blocked in 5% normal donkey serum in PBS with 0.1% Triton X-100 and incubated at 1:500 with rabbit anti-GFP antibody (Invitrogen) and at 1:1000 with Alexa Fluor 488-conjugated donkey anti-rabbit secondary antibody (Invitrogen).
For NF and GFP immunofluorescence on dissociated and FACSsorted SG cells, cells were pelleted, resuspended in Matrigel (BD Biosciences), and then solidified on a microscope slide warmed to 37°C. Then they were fixed in 4% PFA and blocked in 3% BSA, 1% normal donkey serum in PBS overnight at 4°C, followed by incubation in 1:500 goat anti-GFP (Abcam) and 1:500 mouse anti-Neurofilament, 2H3 concentrated (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) in 3% BSA, 1% normal donkey serum, 0.1% Triton X-100 in PBS overnight at 4°C. Secondary antibodies (Alexa Fluor 488-conjugated donkey anti-goat and Alexa Fluor 594-conjugated donkey anti-mouse) were used at 1:750 in 3% BSA, 1% normal donkey serum, 0.1% Triton X-100 in PBS for 2 h at room temperature. DAPI staining was performed by incubating tissue or cells with 1:10,000 DAPI in PBS for 15 min before mounting.
Results
Isolation of tissue for microarrays
To identify genes involved in SG axon guidance and branching, target selection, synaptogenesis, synaptic refinement, and synaptic function, we collected SG at E12 and E13, E16, P0, P6, and P15 (Fig. 1A) . We also collected VG at the same time points. Like their auditory counterparts, VG neurons are born in the otic vesicle and send central projections through the eighth nerve. However, unlike SG neurons, they innervate hair cells of the vestibular sensory epithelia in the ear and the vestibular nuclei in the hindbrain. Hence, comparison of SG neurons to VG neurons should reveal cell type-specific factors that underlie these unique circuit assembly decisions.
Previous developmental microarray studies of the inner ear have typically used the entire cochlea (Chen and Corey, 2002; Sajan et al., 2007) , which contains many different cell types in addition to SG neurons, including hair cells and supporting cells. This is likely due to the difficulty of isolating the different cell types and the tiny amounts of tissue that can be harvested from a single animal. However, this approach has the drawback of diluting the expression data and increasing the complexity of data analysis (Hildebrand et al., 2007) . To overcome these obstacles, we genetically labeled ganglia with GFP and then isolated the tissue by careful microdissection or by FACS.
The transcription factor Rnx (also known as Tlx3) is expressed at E12 and E13 in the VG but not the SG (data not shown). Hence, when Rnx-Cre knock-in mice (Xu et al., 2008) are crossed with Rosa26 conditional reporter mice (Soriano, 1999), only VG (Fig. 1 B) and not SG (Fig. 1 BЈ) neurons are X-gal labeled at P0, indicating that Rnx-Cre expression is a reliable indicator of the vestibular fate. Therefore, we crossed Rnx-Cre mice to GFP conditional reporter (Z/EG) mice (Novak et al., 2000) to fluorescently label the VG, which aided in microdissection of the SG and VG at E12 (Fig.  1 BЉ) and E13. At these early stages, the ganglia are still attached to one another, so we carefully separated them using a microblade and collected the tissue. Approximately 15-20 ganglia were pooled for each sample, and three replicate samples were processed for each tissue/time point. For the E16 -P15 time points, VGs were also microdissected from Rnx-Cre;Z/EG animals; only inferior VGs were collected to avoid introducing additional heterogeneity into the vestibular samples. Approximately 10 -12 ganglia were pooled for each sample, and three replicate samples were processed for each time point. Since the SG is difficult to isolate quickly and cleanly by microdissection at later stages due to the complex architecture of the cochlea, E16 -P15 SGs were isolated from MafB-GFP knock-in animals (Moriguchi et al., 2006) by FACS. MafB is a transcription factor that is first expressed around E13, most strongly in the earliest-born SG neurons in the base of the cochlea, but only weakly in the later born apical SG neurons (Fig. 1C) , and is subsequently upregulated throughout the SG (Fig. 1CЈ) . FACS-sorted GFP-positive cells expressed the axonal marker neurofilament (NF) (note the labeling of severed projections), confirming successful purification of SG neurons (Fig. 1CЉ) . Four replicates were processed for each tissue/time point for FACS-sorted samples. RNA was then isolated from samples, linearly amplified, and used to generate probes for Affymetrix Mouse 430 2.0 GeneChips (Fig. 1 D) . The raw microarray data are available for download online (http:// www.ncbi.nlm.nih.gov/geo/). In addition, we have generated an online database that allows one to search for genes or categories of interest and to view microarray expression patterns in Replicates for a given tissue and time point are indicated by brackets, and average expression within a given cluster is indicated, with red corresponding to high levels and green to low levels of expression. The width of the color-coded rectangles represents the proportion of probe sets falling into that cluster. Genes in the clusters on the left side are expressed in both populations at early stages (both early). In some "both early" clusters, genes are subsequently maintained only in SG (ϩSG late) or VG neurons (ϩVG late). Genes in the clusters on the right side are expressed at late stages of circuit assembly (E16 and later). Some clusters consist of genes expressed in both neuronal populations (both late), while others are characterized by enriched expression in the SG (SG late) or VG (VG late). B, A summary of gene ontology categories that are overrepresented at early (E12 and E13) vs late (E16 and later) stages of development or in SG vs VG neurons at any stage. p values were obtained using 2 tests.
graphical or tabular format (http://goodrich.med.harvard. edu/) (Fig. 4C ).
Hierarchical clustering and gene ontology analysis of microarray data
These studies generated an enormous amount of data, with expression profiles for 45,102 probe sets corresponding to ϳ25,000 genes in both the SG and VG at six different developmental time points. To categorize genes in as unbiased a manner as possible, we first performed hierarchical clustering analysis of the ϳ28,000 probe sets that showed expression above background (Fig. 2 A) . This enabled us to group genes according to their spatiotemporal patterns of expression and to identify broad trends in the data. To reveal what kinds of genes are contained within each cluster, we performed a gene ontology analysis. Due to the incompleteness of many online gene ontology databases, we performed our own analysis by randomly choosing 10% of the genes in the dataset (ϳ2800) and annotating their function through manual gene database and literature searches. Genes were scored based on evidence that they were associated with any of 60 different functional categories. We then compared the representation of each category in the early vs late gene clusters using 2 tests (Fig. 2 B) . Our analysis confirmed that inner ear neurons experience the same general trends in gene expression observed in other developing neuronal populations. For instance, early gene clusters (E12 and E13) contain genes associated with neurogenesis and differentiation, including genes involved in transcriptional and cell cycle regulation, RNA binding/processing, ubiquitination, axon guidance, and dendrite morphogenesis. Genes involved in Notch signaling, which is known to be involved in neurogenesis (Kageyama et al., 2009) , and Wnt and GTPase signaling, which play important roles in axon guidance (Sánchez-Camacho and Bovolenta, 2009; Hall and Lalli, 2010), were also enriched early. In contrast, late stages (E16 -P15) were characterized by expression of genes associated with mature neuronal function. For instance, the neurons begin to express many more cell adhesion and extracellular matrix (ECM) molecules, as well as genes involved in lipid, carbohydrate, and vitamin metabolism, and mitochondrial function. We also found that genes involved in prostaglandin signaling, which is involved in the inflammatory response and has been proposed to play a neuroprotective role in the cochlea (Nakagawa, 2011) , are enriched in more mature neurons. Thus, our results indicate that our microarray database reflects, at least on a broad scale, the appropriate developmental changes that would be expected in these neurons.
In addition to these anticipated trends, this analysis revealed a striking late-stage enhancement for genes normally associated with immune system function. For example, many MHC class I genes (H2-D1, H2-K1, H2-L, H2-Q7, H2-T23) are strongly upregulated in the SG at postnatal stages and are Ͼ2-fold enriched in the SG compared with the VG at P15, while another MHCI gene, H2-T10, appears to be upregulated in both the SG and VG at postnatal stages (Fig. 3A) . The first two postnatal weeks witness a decrease in the number of SG neurons, an increase in soma size, and the activity-dependent refinement of SG central projections, likely triggered by purinergic signaling from hair cells (Leake et al., 2002; Tritsch et al., 2007; Tritsch and Bergles, 2010) . This is also a critical period for afferent-dependent AVCN neuron survival (Harris and Rubel, 2006) . MHC class I molecules are involved in remodeling of retinal ganglion cell axons, activitydependent synaptic plasticity in the hippocampus, and motor neuron synapse organization (Shatz, 2009; Thams et al., 2009) , as well as NMDA receptor activity and AMPA receptor trafficking (Fourgeaud et al., 2010) . The timing of expression that we observe suggests the intriguing possibility that MHC class I molecules regulate synaptic development and refinement during auditory circuit assembly as well. Several MHC class II genes (H2-Aa, H2-Ab1, H2-DMa, H2-Ea, H2-Eb1, and H2-Ob) are also upregulated in SG neurons (Fig. 3B) , but the potential functions of these genes in the nervous system remain unclear.
The increase in MHC class I and class II gene expression is accompanied by strong upregulation of many complement pathway genes. Some are strongly enriched in the SG compared with the VG (Fig. 3C) , while others are present in both types of neurons at late stages (Fig. 3D) . In mutant mice lacking C1q, retinal ganglion cells fail to properly prune their synapses, indicating a role for complement pathway genes in synaptic refinement (Stevens et al., 2007) . The temporal pattern of complement pathway gene expression in SG neurons raises the possibility that they may be involved in similar processes during the maturation of auditory circuits.
To learn more about the programs of gene expression specifically associated with auditory circuit assembly, we compared SG neurons to VG neurons, which also arise from the anteroventral quadrant of the otic vesicle and mediate the sense of balance (Appler and Goodrich, 2011) . Consistent with their common origin and closely related functions, SG and VG neurons express many of the same genes throughout development (Fig. 2 A, " both early" and "both late"). This underscores the fact that the same basic molecular toolbox is used across the nervous system. How- A complete list of the 259 genes that were differentially expressed in SG versus VG neurons at E12. There were 103 genes enriched by Ͼ2-fold in SG neurons and 156 genes enriched by Ͼ2-fold in VG neurons ( p Ͻ 0.01). Genes are identified by official gene names and are ranked by the average fold difference (Fold diff). The p value for that difference, as determined by comparing expression levels in three biological replicates for each tissue type, is also reported.
ever, there are also some notable differences. For example, among the genes expressed in both populations at early stages ( Fig. 2 A, "both early") were clusters of genes that were later downregulated in one population and maintained in the other ("ϩSG late" and "ϩVG late"). In addition, a large proportion of late genes specific to either the SG ("SG late") or VG ("VG late") were also evident. This gradual divergence fits with what has been observed in the cerebral cortex, for example, where subtypes of projection neurons transiently coexpress common transcription factors that are subsequently maintained in one population or the other (Azim et al., 2009) . Aside from these general changes in gene expression, we unexpectedly found that the SG is enriched for genes involved in TGF␤ family member signaling, while the VG is enriched for genes involved in EGF signaling. Since both TGF␤ and EGF signaling have been implicated in a variety of developmental processes, including neurogenesis, neurite outgrowth, and synaptogenesis (García-Alonso et al., 2000; Wong and Guillaud, 2004; Salinas, 2005; Sánchez-Camacho and Bovolenta, 2009) , it is possible that the two populations respond differentially to these two families of secreted signaling molecules during circuit assembly.
Since the gene ontology analysis did not reveal any other global differences between SG and VG across time, we performed a pairwise comparison of SG and VG at E12 to gain a better sense of how these two populations differ at one specific stage of development. This analysis yielded 103 genes that were enriched by at least twofold in SG neurons and 156 genes enriched in VG neurons (p Ͻ 0.01) ( Table 1) . Consistent with our initial cluster analysis, many genes on both lists play known roles in neuronal development, including many transcription factors and cell surface receptors. However, each population often expresses a unique family member. For instance, SG neurons show enriched expression of FGF5, while VG neurons express FGF12 and FGF18. Similarly, SG and VG neurons show differential expression of Wnt receptors (Fzd5 vs Fzd8) and of members of the protocadherin gene family (Pcdh17 in SG vs Pcdh8 in VG). In addition, VG neurons express more genes associated with differentiation than the SG neurons do, likely reflecting the fact that SG neurons are born after VG neurons (Ruben, 1967; Koundakjian et al., 2007) . This highlights the need to examine gene expression at multiple time points when seeking meaningful differences.
Pairwise analysis of microarray data
Although microarray studies offer a rapid and convenient way to reveal broad trends in gene expression, it is challenging to identify individual genes associated with specific functions within such a large dataset. For instance, hierarchical clustering may group genes with highly variable expression together with those that are expressed more reproducibly. Moreover, a simple pairwise comparison provides only a snapshot of gene expression and fails to take into account important differences over time. For instance, among the clusters exhibiting early expression, none showed enriched expression in the SG or VG at early stages. Nonetheless, we know that such genes exist, one of which (Rnx) we took advantage of for genetic labeling of the VG at E12 and E13. Conversely, the pairwise comparison of SG and VG at E12 revealed differential expression of Neurog1, which we know is in fact expressed by VG neurons at earlier stages (Koundakjian et al., 2007) . Therefore, we reanalyzed the data to define those genes that exhibit the most statistically significant changes in expression over time or between the two tissue types (Fig. 4 A) . We performed 66 pairwise comparisons between the two populations and across all the time points, chose the top 200 most reliably differentially expressed genes from each comparison, with a minimum 1.5-fold expression level change, and then combined all the genes from the 66 comparisons into one list. Since many genes came up repeatedly from multiple comparisons, we were able to hone the list to 3070 genes. Thus, the final "signature gene list" consists of genes whose expression levels differ significantly between the SG and VG and/or change significantly over time. We then categorized each gene according to whether it was expressed in both the SG and VG, or enriched (Ͼ1.5-fold higher) in one population or the other, and according to whether peak expression was reached at the early (E12), mid (E13-P6), or late (P15) time points. Table 2 shows a selection of genes from the signature gene list that are enriched in the mid and late SG. Notably, these include a number of transcription factors and axon guidance molecules, as well as immune and other interesting genes, paralleling the trends observed in the hierarchical cluster analysis. The signature gene list is also available for download and as a searchable database online (http://goodrich.med.harvard.edu/) (Fig. 4 B) .
Validation of spatiotemporal expression patterns
We generated the signature gene list with the goal of having a biologically accurate fingerprint of gene expression in SG neurons at any stage of development, information that is crucial for discovering genes associated with specific stages of auditory circuit assembly, for analyzing phenotypes in mutant mice, and for assessing the identity of SG neurons generated from stem cells in vitro. However, microarray studies are often compromised by biological and technical variables, such as genetic background and the strength of probe hybridization. Therefore, to verify that genes on the signature list reflect actual expression patterns in the inner ear, we performed a series of validation experiments. First, to confirm changes in gene expression over time, we chose an "early" and "late" SG gene and performed in situ hybridization at multiple time points. Natriuretic peptide receptor 2 (Npr2), a transmembrane receptor for the C-type natriuretic peptide, shows peak microarray expression levels at E12, with expression tapering off at mid stages and increasing modestly at later stages (Fig. 5A) . In situ hybridization confirmed these trends, with strong expression of Npr2 in the SG at E12 and continued expression at E16 and P15. Similarly, prostaglandin D2 synthase (Ptgds), which shows very low microarray expression levels at early stages but reaches peak levels at P15, was undetectable by in situ hybridization at E12 and E16, but was strongly expressed at P15 (Fig. 5B) .
Next, we examined whether the reported differences in tissuespecific expression are also physiologically relevant. Specific and Table 2 . SG-enriched genes at mid and late developmental stages SG-enriched genes reliable genetic markers for tissues or cell populations provide important tools for studying those cells. For example, the identification of Rnx and MafB as markers for the VG and SG, respectively, permitted us to cleanly isolate tissue for these experiments. However, since Rnx is downregulated in the VG after E13 (Fig.  4C) , and MafB expression does not begin in the SG until E13 (Fig.  1C) , we looked for genes that are enriched in the SG or VG at all of the time points in our dataset. We found that Netrin-G1 (Ntng1), a GPI-linked protein related to the Netrin family of axon guidance molecules, is enriched in the SG at all stages (Fig. 5C) . In situ hybridization confirmed that at E12, Ntng1 is expressed in the SG, but not the VG (Fig. 5C ). This expression persists at P6 and P15, as revealed by whole-mount in situ hybridization (Fig.  5C) . Conversely, the microarray data indicated that the secreted cytokine Tafa2 (also known as Fam19a2) is strongly enriched in the VG (Fig. 5D) . We confirmed by in situ hybridization that at E12 and E15, Tafa2 is indeed expressed in the VG, but not the SG ( Fig. 5D ; data not shown). RT-PCR confirmed sustained expression of Tafa2 in the VG at P0 and P15; no Tafa2 was detected in the postnatal SG. Therefore, expression of Ntng1 and Tafa2 can be used to distinguish auditory and vestibular neurons at any stage of development.
Overall, we have performed in situ hybridization at one or more time points for Ͼ50 genes from our microarray data, and observed the expected pattern in the vast majority of cases. Thus, we are confident that our dataset is reliable and accurately reflects spatiotemporal gene expression.
Identification of early SG-or VG-specific transcription factors
To use our data to gain insights into mechanisms of auditory circuit assembly, we focused on the earliest stages of development, when SG neurons are specified and begin to make their initial wiring decisions. Both the hierarchical clustering analysis Figure 3 . E12, E15, and E16 embryos were sectioned transverse to the ear; mid-modiolar sections are shown for E15 and E16. P6 and P15 cochleae were processed for whole-mount in situ hybridization and flat mounted, with the SG at the bottom and the organ of Corti at the top. In all panels, the SG is indicated by black arrowheads and the VG by open arrowheads. The arrow in B indicates positive signal for Ptgds outside of the ear, confirming that the experiment was successful. For the RT-PCR, Gapdh was used as a positive control to confirm the presence of cDNA. D, Dorsal; L, lateral; *, cochlear duct; hb, hindbrain; u, utricle. Scale bars: (A) 100 m for E12 and E16, 20 m for P15; (D) 50 m.
and pairwise comparisons showed that SG and VG neurons are initially quite similar, but then diverge as they mature. These results suggest that common transcriptional networks regulate general programs of neuronal specification, while cell typespecific transcription factors coordinate the differential expression of downstream targets as the neurons mature. Indeed, both SG and VG neuron progenitors initially express the transcription factor Neurogenin-1 (Neurog1), delaminate, and then express another transcription factor, NeuroD (Appler and Goodrich, 2011) . However, little is known about the transcription factors that act subsequently to promote auditory-specific features of development in SG neurons.
Previous studies implicated the transcription factor Gata3 as a likely regulator of early SG neuron development. In support of this idea, Gata3 protein was reported to mark SG but not VG neurons in E13 mouse embryos (Lawoko-Kerali et al., 2004) and also in chick embryos (Jones and Warchol, 2009) . Moreover, there is a severe reduction in the size of the cochlear-vestibular ganglion in Gata3 mutant mice, a finding interpreted to reflect a specific loss of SG neurons (Karis et al., 2001 ). Our microarray data indicate a dynamic profile of Gata3 expression, with levels varying between cell types and over time (Fig. 6 A) . Unexpectedly, Gata3 showed similar levels of expression in the SG and VG at E12. Expression was maintained at high levels in the SG through P0, but rapidly declined in the VG, such that it was Ͼ2-fold lower in the VG compared with the SG at E13 and absent from the VG by E16.
To determine whether the early presence of Gata3 in the VG reflects actual expression patterns, we performed in situ hybridization for Gata3. We found strong Gata3 expression in a subset of VG neurons, as shown in multiple sections through a single inner ear at E12 (Fig. 6 B-BЉ) . This corroborates previous work showing that Gata3 transcripts can be detected in scattered cells in the VG at E14 (Lillevali et al., 2004) . We also examined Gata3 protein expression by immunofluorescence in E11 Rnx-Cre;Z/EG embryos, in which the VG is labeled with GFP (Fig. 6C) . Gata3 signal was observed in the nuclei of some GFP-positive cells (Fig.  6CЈ, yellow arrowhead) , but not of other GFP-positive cells (Fig.   6CЈ, white arrowhead) , confirming that Gata3 is expressed in a subset of VG neurons. Since VG neurons must innervate the sensory epithelia of the three semicircular canals, the utricle, and the saccule, one possibility is that Gata3 marks a subpopulation of VG neurons that innervate a particular vestibular organ or target particular types of hair cells.
To identify other transcription factors that may direct the divergence of SG and VG neurons, we mined the signature gene list for transcription factors that are enriched in early SG or VG neurons. Of the 113 "early" genes annotated as transcription factors, 96 showed microarray expression in both the SG and VG, while 12 were SG-enriched and five were VGenriched. We verified the expression of two SG-enriched and two VG-enriched transcription factors by in situ hybridization (Fig. 7) . At early stages, Prox1 (Fig.  7 A, AЈ) and Zfpm2 (Fig. 7 B, BЈ) are expressed in the SG but not the VG, while Tbx3 (Fig. 7C,CЈ) and Runx1 (Fig. 7 D, DЈ) are enriched in the VG compared with the SG. Moreover, mice lacking Prox1 exhibit disorganized peripheral innervation of the cochlea, confirming the importance of this SG-enriched factor for auditory circuit assembly (Fritzsch et al., 2010) . A more complete understanding of the transcriptional networks that underlie SG development and differentiation awaits analysis of additional mouse mutants and identification of target genes by microarray analysis and chromatin immunoprecipitation.
The SG and VG express different members of the same family of transmembrane proteins
One of the primary functions for early-acting transcription factors in neurons is to control expression of axon guidance receptors and other transmembrane proteins that direct early wiring events. However, apart from the neurotrophins and their receptors, few molecules have been implicated in auditory-or vestibular-specific guidance events (Fekete and Campero, 2007) . Such information is critical for designing strategies to encourage growth of SG axons following injury and for integration of implanted stem cells into the auditory circuit. We therefore asked which transmembrane proteins are restricted to auditory or vestibular ganglion neurons during initial stages of outgrowth. A handful of genes encoding known axon guidance molecules, including Bmpr1b and EphA5, were enriched in the early SG (Fig.  8 A, B) . Eph signaling has been implicated in SG axon outgrowth in vitro and in auditory circuit assembly in the hindbrain (Brors et al., 2003; Cramer, 2005) . However, while Bmp signaling is known to be crucial for patterning of the inner ear (Ohta et al., 2010; Ohyama et al., 2010) , no role in SG axon guidance has been described.
Closer examination of the list of cell surface proteins revealed that the SG and VG often express different members of a given family of transmembrane proteins. For example, the SG and VG express different members of the large protocadherin family of genes ( Fig. 8C-F ) , which have been implicated in neuronal survival (Lefebvre et al., 2008) , axon outgrowth (Uemura et al., 2007) , and target selection (Hasegawa et al., 2008; Katori et al., 2009 ). The SG expresses Pcdh17 and Pcdh21 (Fig. 8C,D) , while Figure 3 . At E12, Gata3 is Ͻ1.5-fold enriched in the VG. Based on the Affymetrix presence call (data not shown), Gata3 is still present in the VG at E13, but is absent from the VG from E16 -P15, while it is present in the SG through P0. B-B؆, Multiple sections through a single E12 ear showing in situ hybridization signal for Gata3. Expression is evident in the SG (blue dotted line), but is also strong in a subset of VG cells (red dotted line). C, C, Gata3 (red) and GFP (green) immunofluorescence in an E11 Rnx-Cre;Z/EG embryo. The VG is indicated by the white dotted line demarcating the GFP-positive region (C). A magnified image of the boxed area in C is shown in C. Gata3 signal is evident in the nuclei of some GFP-positive cells (yellow arrowhead), but not of other GFP-positive cells (white arrowhead), indicating that Gata3 is expressed in a subset of VG neurons (C).
the VG expresses Pcdh8 and Pcdh9 (Fig. 8 E, F ) . Similarly, while the Wnt receptor Fzd3 is expressed in both the SG and VG at E12 (Fig. 8G) , a different family member, Fzd8, is more strongly expressed in the VG compared with the SG (Fig. 8 H) . These data suggest that these two closely related populations of neurons may be able to use common downstream signaling machinery to respond differentially to environmental cues that direct such processes as axon outgrowth and guidance. Together, our findings indicate that subtle differences in the types of transcription factors and guidance molecules expressed by SG and VG may be sufficient to initiate development of nonoverlapping circuits that mediate entirely distinct neuronal functions.
Identification of a SG axon branching gene, Npr2
During development, SG neurons make a series of decisions that ultimately result in the assembly of precisely wired circuits. Our data suggest that many of these events are relatively generic and depend on general programs of neurogenesis, while others are more specific to auditory neurons, as highlighted by the presence of several auditory-specific transcription factors and guidance molecules. To learn how individual genes contribute to SG development, we focused on one specific feature of the final wiring diagram, namely the bifurcation of SG axons as they project into the auditory brainstem. This bifurcation is a fundamental feature of auditory circuits that likely enables parallel processing of auditory stimuli in the brainstem. However, little is known about when or how SG neurons branch or how the presence of this branch point influences the perception of sound.
To determine when this event occurs, we visualized developing auditory and vestibular nerves using Gata3 promoter-driven taulacZ (van Doorninck et al., 1999) and fluorescent dye labeling. We found that SG axons are actively branching at E12 and E13 (Fig. 9A) , also confirmed using Cre-mediated expression of conditional reporters and dye labeling ( Fig. 9D ; data not shown), while this process is essentially finished in VG axons by E12 (Fig.  9B) . Therefore, we reasoned that the expression of likely branching factors would be enhanced in the SG at early stages. We also predicted that branching would be initiated by transmembrane proteins capable of sensing cues in the environment. With these criteria in mind, we set parameters to find genes with predicted transmembrane domains that were enriched by twofold in SG neurons during axon branching stages (E12, E13) compared with stages when branching is complete in SG neurons (E16) or in VG neurons (E12, E13) (Fig. 9C) .
We identified 72 candidate genes, and performed in situ hybridization at E12 to screen through these candidates. Candidate genes were prioritized based on known functions and the availability of mutants, and the top 25 genes were examined by in situ hybridization. Of these, 20 showed expression in the SG but not in the VG at E12, further underscoring the reliability of our dataset (data not shown). Of the five genes that did not show the expected expression pattern, two were indeed in the SG, but were also in a subset of VG neurons, in the region that was likely discarded during microdissection. The remaining three were in the surrounding mesenchyme or epithelium, indicating modest contamination with surrounding tissue. Among the 20 candidate genes, Npr2 stood out due to its striking expression pattern (Fig.  5A ) and known involvement in axon branching in dorsal root ganglion neurons (Schmidt et al., 2007 (Schmidt et al., , 2009 .
To test whether Npr2 is required for auditory circuit assembly, we obtained a previously characterized mutant strain (Schmidt et al., 2007) and examined the central SG projections. To assess branching, we took advantage of the fact that sparse, leaky recombination of the RC::rePe GFP reporter allele is driven by the Neurog1-CreER T2 transgene (Koundakjian et al., 2007) , even in the absence of tamoxifen. This made it possible to trace the trajectories of individual SG axons and their branches. While neurons in littermate controls showed normal branching (Fig. 9D) , Npr2 cn/cn mutant axons did not form two well developed processes, but instead extended one branch that turned either rostrally or caudally (Fig. 9E) . Future analysis of how Npr2 mutant animals perceive sound offers the exciting opportunity to determine the functional significance of this stereotyped branching present in all auditory afferents connecting the cochlea to the brain. This highlights the usefulness of our microarray resource for the discovery of genes required for hearing.
Discussion
SG neurons share many features with other sensory neurons, but ultimately integrate into circuits dedicated to the perception of sound. Here, we used microarrays to define the programs of gene expression associated with these events. We found that SG and VG neurons express genes associated with neurogenesis at early stages and then transition to expression of genes important for mature function. In parallel, each population gradually expresses more cell type-specific genes. Aside from enhanced expression of TGF␤ and EGF signaling components in the SG and VG, respectively, these differences do not fall into obvious categories. Moreover, genes that are "auditoryspecific" at one time point, such as Gata3, can be expressed by vestibular neurons at other stages. We therefore defined new cohorts of transcription factors and axon guidance molecules that are restricted to SG or VG neurons during early wiring. We propose that these and other SGenriched genes govern auditory-specific features of circuit assembly. Indeed, mutations in one SG-enriched gene, Npr2, prevent SG axon bifurcation and fundamentally alter the auditory wiring diagram. Together, these studies highlight the complexity of auditory circuit assembly, demonstrate a role for a newly identified SG-enriched gene for auditory wiring, and provide a useful molecular toolbox for studying mechanisms of auditory development and function.
The primary concern in any microarray study is whether the data reflect true trends in gene expression in vivo. Several results confirm the biological relevance of our data. First, the clustering analysis revealed expected trends in gene expression over time. For instance, young SG and VG are enriched for genes associated with cell fate determination events, such as gene regulation, while older neurons express more genes linked to mature function, such as metabolic genes. Second, in situ hybridization analysis of Ͼ50 genes validated the predicted spatiotemporal expression patterns. Third, by defining additional criteria, we were able to use this dataset to identify a candidate branching factor and show that it is indeed required for SG axon bifurcation. Thus, we are confident that these data will be a useful resource for auditory neuroscientists.
Nevertheless, some caveats apply. First, because our studies included such a wide range of time points, it was necessary to use multiple genetic backgrounds and techniques to isolate tissue, potentially introducing additional variability into our data. For example, the microdissected samples may include glia, whereas the FACS-sorted samples likely do not. Similarly, although we did our best to purify the SG and VG, a small proportion of genes may be expressed in surrounding populations. Hence, individual candidate genes should be confirmed using independent methods such as RT-PCR or in situ hybridization. Ultimately, while our data offer a good starting point to identify potential players and generate new hypotheses, functional experiments must be performed for any gene of interest, as we have for Npr2. To determine when SG axons branch, embryos expressing the axonal marker tauLacZ under the control of the Gata3 promoter were collected at E11.5, E12, and E14, stained for ␤-galactosidase activity, and flat mounted. Images correspond to the boxed area. Visualization of X-gal-stained projections shows that bifurcation begins after E11.5, with a few ascending and descending branches (arrowheads) apparent at E12. By E14, many more branched axons are present. In contrast, VG axon branches have already formed by E12, as revealed by anterograde labeling with DiI (B). C, Twenty candidate axon branching genes were defined based on their expression profiles in SG (blue) and VG (red) neurons, their predicted structures, and their in situ hybridization expression patterns. D, Individual axon branches (white arrowheads) and their branch points (yellow arrowheads) can be visualized in Neurog1-CreER T2 ;RC::rePe mice, which express GFP in a sparse population of SG neurons. E, In Npr2 cn homozygous mutants, axons turn (yellow arrowhead) but do not bifurcate, leaving single branches that extend in both directions (white arrowheads). Scale bar, 50 m.
Although previous microarrays have examined adult SG neurons or compared closely related CNS populations (Arlotta et al., 2005; Lobo et al., 2006; Cahoy et al., 2008; Marsh et al., 2008; Shah et al., 2009 ), our study is distinctive in the breadth of time points it encompasses. Such a broad overview of gene expression highlights the complexity of the molecular programs associated with auditory circuit assembly over time. For instance, expression is temporally dynamic and few genes are restricted to one population at all stages of development. Hence, binary comparisons at one time point may reveal misleading differences in gene expression. For instance, although Gata3 was previously reported to be expressed in SG but not VG neurons (Lawoko-Kerali et al., 2004; Jones and Warchol, 2009) , our data reveal a more complex picture, with transient but strong expression in a subset of VG neurons. Since the cochlea is thought to be an evolutionary derivative of the saccule (Beisel et al., 2005) , SG neurons innervating the cochlea may share a common origin with the Gata3-positive VG neurons. Moreover, Gata3 has dose-dependent effects (Van Esch et al., 2000; van Looij et al., 2005) , emphasizing the fact that protein levels also matter. In addition, factors common to the SG and VG may play fundamentally distinct roles due to the availability of specific cofactors in one population or the other. Thus, while differences exist, understanding the biological significance of such differences will require a concerted research effort.
The complexity of the molecular differences between SG and VG neurons has important implications for efforts to piece together the road map necessary to coax stem cell-derived neurons to differentiate as SG neurons and integrate properly into auditory circuits. For example, the fact that SG and VG neurons often express the same genes but at different times suggests that a carefully timed combination of transcription factors and culture conditions may be needed to steer stem cells reliably toward the auditory rather than the vestibular fate. Previously, induction of Neurog1 expression in ES cells was shown to result in expression of downstream genes such as NeuroD and Brn3a, both of which are transiently expressed in VG neurons (Reyes et al., 2008) , as well as Gata3, which we have shown is also expressed in VG neurons. Moreover, implanted neurons did not appear to integrate into the circuit. One possibility is that early-acting transcription factors cooperate with later-acting transcription factors to control the terminal differentiation of SG neurons. Indeed, a handful of transcription factors are enriched in the late SG (Cebpa, Cebpd, Ifi204, Marcod1, Nr1h2, and Nr4a1) and might play important roles in auditory function. In addition, the effects of any one transcription factor may be influenced by the general culture conditions. Our data reveal an enrichment for TGF␤ family member signaling in the SG, as confirmed by expression of Bmpr1b. If this differential sensitivity is physiologically relevant, these pathways may offer a useful point of entry for nudging stem cells toward the auditory fate.
Our results also emphasize the need for more comprehensive evaluation of the SG fate both in vitro and in vivo. Previously, reliable markers for auditory and vestibular neurons have not been available, making it difficult to assess the effectiveness of any attempt to induce auditory neurons in vitro. Our results suggest that Ntng1 and Tafa2 may fill this gap; moreover, researchers will be able to probe the molecular status of newly generated neurons by comparing results from their own microarray studies to our data. The availability of a broader panel of markers will also improve phenotypic studies of mutant mouse models. For instance, in the absence of useful markers, the nature of the neurons that remain in the Gata3 mutant mouse is unclear (Karis et al., 2001 ).
Our observation that Gata3 is indeed present in VG neurons suggests that this phenotype should be revisited.
Although we have focused on genes involved in early circuit assembly events, our data also revealed several surprising trends that will inform future studies of other aspects of auditory development. For example, a large number of immune genes are upregulated in the SG at early postnatal stages, including MHC class I and class II and complement genes. Given the growing evidence for immune gene function during synaptic refinement in the visual system (Shatz, 2009) , it is possible that similar pathways underlie activity-dependent synaptic remodeling in SG neurons. Cat SG projections to the cochlear nucleus exhibit coarser tonotopy at neonatal stages than in the adult (Leake et al., 2002) , suggesting that refinement does occur. Another interesting observation was the expression of several synaptic genes, such as synaptotagmin-2, as early as E12, well before synaptogenesis (data not shown). A similar finding was described in migrating interneurons (Marsh et al., 2008) . Notably, synaptophysin-GFP localizes to axonal branch points in zebrafish retinal ganglion neurons (Meyer and Smith, 2006) , suggesting that synaptic proteins may participate in cellular events before synaptogenesis, such as vesicle trafficking or adhesion.
In addition to the trends uncovered by our own analysis, these data can be used by other researchers to identify still more markers and candidate genes for auditory system development and function. For example, within any given frequency region, SG neuron fibers fall into one of three categories: high, medium, and low spontaneous discharge rate (Liberman, 1978; Taberner and Liberman, 2005) . The identification of molecular markers distinguishing between these different types of SG neurons would aid significantly in studies addressing coding within the SG. In addition, by searching for genes with specific spatiotemporal expression patterns and then cross-referencing to the GENSAT resource (Gong et al., 2003) , individual researchers can identify GFP and Cre mouse strains to facilitate their work. Finally, our data offer a new source of candidate genes for human deafness and auditory processing disorders. For example, we found that SG neurons express Mab21l1, a candidate gene for autism and auditory processing deficits (Smith et al., 2002) . In addition, we noted that several genes expressed in the SG (e.g., Pdlim5, Bmpr1b, Grid2, Smarcad1, and Unc5c) are clustered in a genomic locus associated with musical aptitude (Pulli et al., 2008) . Hence, this catalog will complement ongoing efforts to use mouse genetics to understand more complex aspects of auditory function and dysfunction (Moore, 2006) .
